Abstract: Using 137,562 quasars in the redshift range 2.1 ≤ z ≤ 3.5 from the Data Release 11 (DR11) of the Baryon Oscillation Spectroscopic Survey (BOSS) of Sloan Digital Sky Survey (SDSS)-III, the BOSS-SDSS collaboration estimated the expansion rate H(z = 2.34) = 222 ± 7 km/s/Mpc of Universe, and reported that this value is in tension with the predictions of flat ΛCDM model at around 2.5σ level. In this paper, we briefly describe some attempts made in the literature to relieve the tension, and show that the tension can naturally be alleviated in nonflat ΛCDM model with positive curvature. We also perform the observational consistency check by considering the constraints on the nonflat ΛCDM model from Planck,WP and BAO data. We find that the nonflat ΛCDM model constrained with Planck+WP data fits better to the line of sight measurement H(z = 2.34) = 222 ± 7 km/s/Mpc, but only at the expense of still having a poor fit to the BAO transverse measurements.
Introduction
The overall energy budget of the Universe is dictated by dark matter and dark energy with a minor contamination from baryonic matter, where the dark energy is assumed to dominate the cosmic landscape causing the acceleration of Universe. In the last two decades, though we have witnessed high precision data/observations in cosmology, we are still struggling to find the suitable candidates for dark matter and dark energy from fundamental physics. The standard flat ΛCDM (cosmological constant + cold dark matter) model, however, has been remarkably successful in describing cosmic acceleration in the present Universe by fitting the observational data very well [1] . In this model, the cosmological constant (Λ) mimics the dark energy characterized by the equation of state parameter w Λ = p Λ /ρ Λ = −1, where p Λ and ρ Λ are respectively the pressure and energy density of vacuum. This model, however, suffers from several theoretical problems [2, 3] . This paves the way for studying alternative models of dark energy.
Model independent measurements of Hubble parameter H(z) at different redshifts provide a useful and counter test for other observational probes in concordance cosmology. For instance, Verde et al. [4] compared cosmology independent measurements of H(z) in the redshift range 0.1 z < 1.2 with the Cosmic Microwave Background (CMB)-derived expansion history predictions, and deduced that there is no tension between Planck and cosmology independent measurements of the H(z) for the flat ΛCDM model. In a recent study, Delubac et al. [5] estimated H(z = 2.34) = 222±7 km/s/Mpc by using 137,562 quasars in the redshift range 2.1 ≤ z ≤ 3.5 from the Data Release 11 (DR11) of the Baryon Oscillation Spectroscopic Survey (BOSS) of SDSS-III, and reported that this value is in tension with Planck+WP constraints on flat ΛCDM model at around 2.5σ level. In fact, this value of H(z = 2.34) is lower than the value predicted by the flat ΛCDM model. For precise details of the inconsistency, the readers are advised to see the Ref. [5] . Here, just for the sake of a first up handwaving demonstration of the inconsistency 2 , we choose the best fit estimates H 0 = 67.04 km/s/Mpc and Ω m0 = 0.3183 for the present values of Hubble parameter H and matter density parameter Ω m in the flat ΛCDM model, given by Planck+WP data [1] . We plot the expansion history
of the flat ΛCDM model (solid Black curve) in Figure 1 scaled by the factor 1/(1 + z), where the error bar on left represents H(z = 0.57) = 92.4 ± 4.5 km/s/Mpc [6] while the right one stands for H(z = 2.34) = 222 ± 7 km/s/Mpc [5] , both scaled by the factor 1/(1 + z). The other curves in Figure 1 correspond to other models, and will be discussed in the subsequent sections. We see that the H(z)/(1 + z) curve (solid Black) of flat ΛCDM model passes through the left error bar but fails to pass through the right one. Therefore, the framework of the flat ΛCDM cosmology is not adequate to be consistent with the result from BOSS. This in turn implies the need to explore deviations from the flat ΛCDM cosmology. One such natural deviation is the nonflat ΛCDM model. The purpose of this study is to demonstrate that this natural extension of flat ΛCDM model is capable of explaining the lower value of Hubble parameter at higher redshift as reported in BOSS measurements. In the next section, we briefly describe some attempts/suggestions made in the literature to justify the lower value of Hubble parameter at higher redshift from BOSS while we present, in Section 3, the motivation for studying the nonflat ΛCDM model. In Section 4, we discuss the observational constraints on the nonflat ΛCDM model from some recent observational data sets, and do its observational consistency check with the BOSS measurements while discussing its related strengths and weaknesses in detail.
In Section 5, we present concluding remarks of the study. [6] and H(z = 2.34) = 222 ± 7km/s/Mpc (right) [5] , both scaled by the factor 1/(1 + z).
2 Attempts to relieve the tension
Interacting dark sector models
Following [7, 8] , Abdalla et al. [9] considered some models for the dark sector interaction, and showed that a simple phenomenological interaction in the dark sector provides a good explanation for the deviation from the flat ΛCDM cosmology, naturally accommodating the Hubble parameter obtained by BOSS. One such model reads as
where Ω b0 , Ω dm0 and Ω de0 are the density parameters of baryonic matter, dark matter and dark energy, respectively at z = 0. Further, ξ is the coupling constant coming from interaction term, and w is equation of state parameter of dark energy (See [7, 9] for more details). Here, for a quick handwaving illustration, we plot the expansion history (2) scaled by 1/(1 + z) in Figure 1 (dotted Purple curve) for selected values of the constants given by H 0 = 67.04 km/s/Mpc, Ω b0 = 0.048, Ω dm0 = 0.2703, ξ = 0.05 and w = −1.01. We see that H(z)/(1 + z) curve (dotted Purple) for the dark sector interaction model (2) passes through both the error bars. So the lower value of H(z) at higher redshift from BOSS could be an indication of the interaction in the dark sector as concluded in [9] .
Models of screened dark energy
Sahni et al. [10] pointed out that the new result from BOSS could be an indication of the existence of dark energy with negative energy density at higher redshifts. Also, they mentioned that the general relativity framework of flat ΛCDM model may not be adequate, and suggested that the lower values of H(z) at higher redshifts can be achieved by considering a dynamically evolving term with minus sign in the expansion history (1) of the flat ΛCDM model, that is,
Here f (z) > 0 is the dynamically evolving counter-term, which evolves in such a way that it screens or compensates the cosmological constant in the past, and thereby gives rise to lower values of H(z) at higher redshifts. Moreover, f (z) must grow monotonically with z but at a rate slower than (1 + z) 3 in order to preserve the matter-dominated regime. To illustrate the screening mechanism, they considered a Braneworld model proposed in [11] , given by the equations
where Ω m0 , Ω Λ and Ω l are the density parameters at z = 0 as per the Braneworld scenario considered in [11] . The plot of H(z)/(1 + z) for the Braneworld model (4) is shown in Figure 1 by dashed Blue curve for selected values of the parameters given by H 0 = 67.04 km/s/Mpc, Ω m0 = 0.3183 and Ω l = 0.06. Again, we see that H(z)/(1 + z) curve (dashed Blue) for the Braneworld model (4) passes through both the error bars. Therefore, the introduction of screening term in the evolution history of flat ΛCDM model is a viable option to explain the lower value of H(z) at higher redshift from BOSS.
Nonflat ΛCDM model with positive curvature
It is evident that one can use numerous forms of the screening term f (z) in equation (4) to obtain a desired history. Every time, one needs to explain the physics of the screening term. Among the numerous possibilities, we point out that the curvature term Ω k (1 + z) 2 with k > 0 3 is a natural and plausible choice for −f (z), where Ω k is the curvature density parameter at z = 0. In other words, we advocate the consideration of the nonflat ΛCDM model with positive curvature, given by
for dealing with the new result from BOSS. Notice that this model is within the framework of general relativity, and it does not invoke anything hypothetical or fancy like dark energy with negative energy density.
In view of (5), one may interpret that the curvature term Ω k (1 + z) 2 with k > 0 screens the dark energy given by cosmological constant, and balances the contribution of cosmological constant at the redshift z = (Ω Λ /|Ω k |) 1/2 − 1. Therefore, the curvature term is responsible for giving rise to lower values of H(z) at higher redshifts in the nonflat ΛCDM model. Also, Ω k (1 + z) 2 evolves at a rate slower than the term Ω m0 (1 + z) 3 , and thereby preserves the matter regime. So the curvature term Ω k (1 + z) 2 with k > 0 fits well in the screening mechanism suggested by Sahni et al. [10] . However, one does not need this kind of interpretation/explanation in case of the nonflat ΛCDM model (5) because the curvature term Ω k (1 + z) 2 with k > 0 has a physical meaning, and it does not require to be interpreted as a dark energy source with negative energy density. Now, we plot the expansion history (5) (scaled by 1/(1 + z)) in Figure 1 by dotdashed Green curve by choosing H 0 = 67.04 km/s/Mpc, Ω m0 = 0.3183 and Ω k = −0.1. We notice that the H(z)/(1 + z) curve (dotdashed Green) of the nonflat ΛCDM model with positive curvature passes through both the error bars. Therefore, the nonflat ΛCDM model with positive curvature is capable of explaining the lower value of H(z = 2.34) suggested by BOSS. The above idea of considering nonflat ΛCDM model with positive curvature seems simple and natural to satisfy the result from BOSS as it works well within the framework of general relativity, and does not require any modification of general relativity. Considering our current knowledge of fundamental physics, it is more appealing than the idea of invoking dark energy with negative energy density, or the phenomenological proposals such as the interaction of dark matter and dark energy as described in the previous section. Moreover, the dark matter and dark energy interaction model with additional free parameters oversteps the bounds of Occam's rajor whereas curvature provides a simpler solution. However, curvature models face a direct confrontation with the inflation paradigm which predicts almost a spatially flat Universe [1, 12] . We shall comment more on this issue later in Section 5. Next, it should be noted that we have checked the consistency of the nonflat ΛCDM model with the new result from BOSS by choosing Ω k = −0.1 at our own just for a handwaving illustration. So the nonflat ΛCDM model with positive curvature, of course, requires to pass the filter of observational data from different probes before being accepted as a reliable model to deal with the new result from BOSS. Therefore, in the next section, we discuss observational constraints on the nonflat ΛCDM model (5), and do its observational consistency check with the new result from BOSS.
Observational constraints
The measurements of CMB temperature power spectrum are known to suffer from "geometrical degeneracy" [13, 14] . In fact, almost identical CMB temperature power spectra are observed in models with identical physical matter densities, primordial spectra and angular diameter distance to the last scattering surface. This nearly perfect degeneracy is broken by using various approaches [1] . For instance, analyzing the integrated Sachs-Wolfe (ISW) effect on large angular scales and gravitational lensing of the CMB spectrum [15] , considering additional probes of late time Universe such as measurements of BAO, SN Ia and H 0 [16] , are to name a few. In Table 1 , we show observational constraints on Ω k obtained in the literature in recent years by confronting the nonflat ΛCDM model to various observational data sets. The readers may refer to the respective references for the details of the data sets. It is interesting to observe that all the data sets mentioned in Table 1 predict negative mean values of Ω k . This observation is useful in the context of our study because the nonflat ΛCDM model with Ω k < 0 may yield lower values of H(z) at higher redshifts, as discussed in the previous section. 
Since the BOSS collaboration has reported the tension with Planck+WP determined flat ΛCDM cosmology, it would be interesting to see how the Planck+WP data responds to the nonflat ΛCDM model. So we consider the observational constraints on the parameters of the nonflat ΛCDM model (5) from the Planck+WP data, in addition to the joint Planck+WP+BAO data set. We utilize the publicly available chains provided by Planck 2013 collaboration [1] generated by using the Markov Chain Monte Carlo (MCMC) method coded in the publicly available package cosmoMC [20]. 
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To comply with the standards in the field, we explore the full parameter space of the nonflat ΛCDM model (5). The constraints on its full parameter space P ≡ {ω b , ω c , Θ S , τ, n s , log[10 10 A s ], Ω k } and some derived parameters of interest from the Planck+WP and Planck+WP+BAO data are displayed in Table 2 . In Figure 2 , we show one-dimensional marginalized distribution and two-dimensional contours with 68% C.L. and 95% C.L. for the parameters under consideration of the nonflat ΛCDM model. The vertical dotted Green line stands for Ω k = 0. From Table 2 and Figure 2 , we observe that Planck+WP+BAO data offer tight constraints on the parameter space of the nonflat ΛCDM model, in comparison to the constraints given by Planck+WP data. In Figure 2 , we see that the major part of confidence regions of Ω k corresponding to the Plank+WP data lie to the left of the vertical dotted Green line Ω k = 0, which shows that the Plank+WP data favor the negative values of Ω k . Consequently, Planck+WP data yield negative mean and best fit values of Ω k , as may be seen in Table 2 . On the other hand, Planck+WP+BAO data push the value of Ω k in the close vicinity of 0, and thus tend to favor the flat ΛCDM cosmology. Now we turn our attention to the consistency check of the nonflat ΛCDM model (5) constrained from the Planck+WP data set with the new result from BOSS. In Figure 3 , we plot H(z)/(1+z) curve with 1σ and 2σ error bands for nonflat (left panel) and flat (right panel) ΛCDM models constrained by Planck+WP data. We see that the nonflat ΛCDM model fits the new result from BOSS even at 1σ level while the flat one fails to do so even at 2σ level. Thus, the nonflat ΛCDM model with positive curvature is consistent with the new result from BOSS. However, it requires further testing with BAO transverse measurements. For, in BAO measurements, separations along the line of sight correspond to differences in redshift that depend on the Hubble parameter while separations transverse to the line of sight correspond to differences in angle that depend on the angular diameter distance, in addition to the radius of the sound horizon at the drag epoch when photons and baryons decouple. Since BAO also accurately measure the transverse scale, it is required to have an observational consistency check of the nonflat ΛCDM model for the BAO transverse measurements too 4 . Following [12] , we utilize the transverse comoving distance D M (z) in connection to the BAO transverse measurements, which reads as
where
is the line of sight distance, and
For small values of |Ω k |, we have
4 The new result from BOSS or the lower Hubble parameter value measurement at higher redshift from BOSS as phrased earlier at many places in this study, is in fact a measurement along the line of sight. Hereafter, we shall refer it to as the line of sight high redshift BOSS measurement or simply the line of sight BOSS measurement while the measurements transverse to the line of sight shall be referred to as the BAO transverse measurements. We choose the BAO transverse measurements corresponding to redshifts z = 0.57 (BOSS CMASS sample [21] ) and z = 2.34 (LyaF auto correlation [5] ) as described in [12] . In Figure 4 , we plot c ln(1 + z)/D M (z) curve with 1σ and 2σ error bands for the nonflat (left panel) and flat (right panel) ΛCDM models constrained by Planck+WP data. From the plot in the left panel of Figure 4 , we observe that the nonflat ΛCDM model finds a poor fit to the BAO transverse measurements whereas the right panel plot of Figure 4 shows that the flat ΛCDM models fits better to the transverse measurements. In order to realize the poor fit of nonflat ΛCDM model to the transverse BAO measurements, we further consider the constraints on nonflat ΛCDM model from Planck+WP+BAO data, and show the plots of H(z) Figure 5 while we show the plots of c ln(1 + z)/D M (z) curve with 1σ and 2σ error bands for the nonflat (left panel) and flat (right panel) ΛCDM models in Figure 6 . We notice that the Planck+WP+BAO determined nonflat ΛCDM model finds poor fit to the high redshift line of sight measurement while it exhibits good fit to the transverse measurements, as expected. Thus, the nonflat ΛCDM model constrained with Planck+WP data fits better to the line of sight measurement H(z = 2.34) = 222 ± 7 km/s/Mpc, but only at the expense of still having a poor fit to the BAO transverse measurements.
The flat ΛCDM model with six free parameters is known to be the simplest best fit model to the presently available observational data. The nonflat ΛCDM model is simply an extension of the flat ΛCDM model with the additional free parameter Ω k . For the sake of comparison, we give the χ 2 values in Table 3 for the fitting of both the models to the two data set combinations used in our study. We see that the nonflat ΛCDM model fits to both the data set combinations with almost the same χ 2 values as the flat ΛCDM model does. It means one model can not be preferred over the other on the basis of χ 2 values given in Table 3 . However, if one considers the statistical analysis of the two models based on the information criteria such as Akaike Information Criterion (AIC), Kullback Information Criterion (KIC) and Bayes Information Criterion (BIC), then the nonflat ΛCDM model may be penalized because of the additional free parameter Ω k in comparison to the flat ΛCDM model. For illustration of AIC, BIC, KIC and example models, one may refer to the Refs. [22, 23, 24] . Nevertheless, the nonflat ΛCDM model finds preference over the flat one when we look for the consistency of the two models with the line of sight BOSS measurement at higher redshift, as may be seen in Figure 3 .
It is also not uncommon that a single, suitably chosen data set, prefers (at ∼ 2σ level) a model, which differs from the vanilla ΛCDM. However, when a global fit is performed, considering several different data sets, the non-standard model ends up not being preferred. This is simply because the result for the single data sets may not really be statistically significant. So the observational data analysis carried out in this section in the context of nonflat ΛCDM model with the particular data set combination, namely Planck+WP, is just for the sake of illustration that the nonflat ΛCDM model constrained by this data set is capable of explaining the line of sight BOSS measurements at higher redshifts. It is also an indication that there are data sets which line up with the line of sight BOSS measurement when considered for consistency with the nonflat ΛCDM model. Of course, there are data sets such as Planck+WP+BAO which give a negligible value of Ω k and favor the flat ΛCDM model but are not able to explain the high redshift line of sight BOSS measurement as illustrated in this section. In short, the purpose of the present study is not to rule out the flat ΛCDM model rather to put forward the simple idea that the nonflat ΛCDM model with positive curvature could be a suitable model for explaining the high redshift line of sight BOSS measurement. Therefore, we point out that one should not necessarily resort to extreme theories of gravity with exotic dark energy (see the models described in Section 2) to explain a 2.5σ deviation of the line of sight BOSS measurement from the flat ΛCDM model, when a simple curvature contribution can explain the deviation equally well.
Concluding remarks
Following [9] , we noticed that the lower values of H(z) at higher redshifts can be achieved in phenomenological models of interacting dark sector as discussed in Subsection 2.1. Therefore, the new result from BOSS could be an indication of interaction in the dark sector as pointed out in [9] . The lower values of H(z) at higher redshifts can also be accommodated in modified ΛCDM model via screening mechanism as illustrated in Subsection 2.2, following [10] . Motivated by the screening idea, we have considered the nonflat ΛCDM model with positive curvature. We have found that this model successfully accommodates the lower value of H(z) at higher z suggested by BOSS. For the observational consistency check, we have considered the constraints on the nonflat ΛCDM model from the Planck+WP and Planck+WP+BAO data sets, which indicate that the nonflat ΛCDM model constrained with Planck+WP data fits better to the line of sight measurement H(z = 2.34) = 222 ± 7 km/s/Mpc, but only at the expense of still having a poor fit to the BAO transverse measurements. Thus, in this work, we have briefly described some ideas/suggestions made in the literature to relieve the tension arising from the new result of BOSS, and showed that a nonflat ΛCDM model with positive curvature is a plausible choice to deal with the new line of sight measurement from BOSS in the sense that one does not necessarily need to resort to exotic dark energy models such as the ones described in Section 2 to explain a 2.5σ deviation of BOSS measurements from the flat ΛCDM model, when a simple curvature contribution can explain the deviation equally well.
As mentioned earlier, the nonflat ΛCDM model with considerable spatial curvature is in confrontation with the inflation paradigm which predicts almost a spatially flat Universe [1, 12] . For instance, Linde [25] pointed out that a realistic model of a spatially closed inflationary Universe is very difficult to produce even if the total number of e-folds is fine tuned to be sufficiently small. He proposed some artificial and fine-tuned models describing a spatially closed inflationary Universe, and concluded that though a broad class of inflationary models predict the spatial flatness of the Universe, spatially closed Universes, if required, can be described without giving up all advantages of inflationary cosmology. He found that one can obtain a semi-realistic model of a spatially closed inflationary Universe with the fine-tuning at the level of about one percent, and such a fine-tuning would be much smaller and much easier in comparison to the one required for the explanation of the enormously large mass, entropy, homogeneity and isotropy of the Universe, and also of the observed anisotropy of CMB without considering inflation. Thus, a fine-tuned bridging is possible between the inflationary scenario and the nonflat ΛCDM model with positive curvature.
In view of the consistency of the nonflat ΛCDM model with the line of sight high redshift measurement from BOSS as illustrated in Section 3 and Section 4, one may interpret that it could be an indication of spatially nonflat Universe with positive curvature. It might be possible that we are estimating a value of cosmological constant screened by the curvature term. It is also possible that the general relativity framework of ΛCDM model is not adequate, and requires modified theories of gravity to take into account [10] . In nutshell, if the nonflat ΛCDM model is true, then one needs to fine-tune the physics of inflation that can produce a Universe with spatial curvature. On the other hand, if the Universe is spatially flat, one needs to understand the physics of dark energy different from the cosmological constant. Considering overall scenario, it is clear that we do not have a model of the Universe in harmony with different observational probes. Nevertheless, the present study shows that inconsistency of the line of sight high redshift BOSS measurement with the flat ΛCDM model can be explained by simple curvature correction, and thereby it offers a plausible alternative to the proposals of exotic dark energy models suggested in the literature in order to resolve the said inconsistency. It is also pertinent to mention that the ΛCDM model with curvature correction finds a poor fit with the BAO transverse measurements whereas the exotic dark energy models suggested in the literature are yet to be tested for the transverse measurements.
